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When food becomes scarce, animals undergo distinct metabolic, behavioral, and physiological changes
that allow them to survive. In this issue, Greer et al. (2008) take advantage of the relatively simple and
well-characterized nervous system of C. elegans to elucidate a neural circuit regulating feeding behavior
and fat storage.Many animals inhabit environments
where food abundance fluctuates over
time. Animals respond in various ways to
fasting, inducing behavioral and physio-
logical modifications resulting in reduced
metabolism (Wang et al., 2006). The
mechanisms and neural circuits regulat-
ing this response are extremely complex
and difficult to unravel in mammals. The
roundworm C. elegans has a relatively
simple nervous system (302 neurons that
can be identified based on their morphol-
ogy and location), and the system offers
a wealth of characterized mutants affect-
ing many aspects of development and
nervous system function. The study pub-
lished in this month’s Cell Metabolism
(Greer et al., 2008) makes use of the pow-
erful and unique tools available in the
worm, including cleverly employed neural
specific promoters to reconstitute gene
expression, epistasis analysis with nu-
merous mutants, and an unbiased sup-
pressor screen. This combination of tech-
niques revealed the neural circuit that
transduces transforming growth factor-
beta (TGF-b) signals and its flexible output
of behavioral and metabolic changes.
C. elegans responds differently to food
availability depending on its stage of life.
In the absence of food, newly hatched lar-
vae arrest development and can survive
about 10 days. If food is present at hatch-
ing, postembryonic cell divisions com-
mence. However, if at juvenile stages the
animals encounter low food availability,
high population density, or high tempera-
ture, they form dauer larvae, an alternative
developmental stage specialized for sur-
vival in harsh environments. Similarly to
mammals preparing for hibernation, dur-
ing the transition to the dauer larval stage
fat stores accumulate, and nonfeeding
dauer larvae utilize these fats until condi-tions improve and reproductive develop-
ment resumes. Dauer larvae can survive
for months. Finally, reproductive adult
C. elegans respond to removal of food by
slowing down egg production, decreasing
their rate of feeding, and retaining eggs in
their uterus.
Extensive genetic screens have identi-
fied mutants in several pathways critical
for sensing environmental conditions
and executing the decision to form dauer
larvae. These mutants either form dauers
inappropriately, in favorable as well as un-
favorable conditions (dauer constitutive
[daf-c]) or fail to form dauers under ad-
verse conditions (dauer defective [daf-d]).
Epistasis studies and molecular cloning
have categorized the mutants into three
converging pathways regulating dauer
formation: an insulin-like signaling path-
way, a cyclic nucleotide signaling path-
way, and a TGF-b-related pathway.
Mutants in the TGF-b pathway include
several daf-c mutants, including daf-7,
which encodes the TGF-b ligand; daf-1
and daf-4, which encode TGF-b recep-
tors; and the dauer defective mutant daf-
3, which encodes a SMAD transcription
factor (Savage-Dunn, 2005).
The new work in this issue (Greer et al.,
2008) examines the role of TGF-b signals
in the regulation of adult fat storage. If the
daf-c TGF-b pathway mutants are grown
at a temperature that allows them to by-
pass the dauer phase, they accumulate
2.5 times more fat during adulthood than
wild-type. The paradox is that these same
mutants show merely a 75%–80% rate of
feeding compared to wild-type, as mea-
sured by contractions of the pharyngeal
feeding organ that pumps bacterial food
and liquid into the worm’s digestive tract.
The daf-7 gene is expressed in only two
sensory neurons, but the receptor en-Cell Metabolismcoded by daf-1 is broadly expressed in
many neurons. Using an extensive range
of promoters, each allowing expression
in a distinct subset of neurons, Greer
et al. (2008) reconstituted expression of
DAF-1 in particular neurons. daf-1 se-
quences under control of promoters that
directed expression in two interneurons,
RIM and RIC, were able to rescue the fat
accumulation, feeding, and dauer forma-
tion phenotype, rendering the animals
essentially wild-type in these respects.
Thus, these two interneurons are key
players for transducing TGF-b signals
and regulating the responses that lead to
dauer formation and fat accumulation.
In order to understand the paradox of
opposite TGF-b effects on feeding and
fat accumulation, the authors then ex-
amined the effects of genes encoding
synthesis enzymes and receptors for
the neurotransmitters octopamine and
tyramine, which they suspected to be
involved in TGF-b responses because
they are synthesized in the RIM and RIC
neurons. They found that elimination of
the synthesis and receptor genes restored
wild-type feeding rate to daf-1 mutants
but did not alter dauer formation or the
high fat phenotype.
If reducing octopamine and tyramine
synthesis does not affect fat accumula-
tion, what is themechanism driving the in-
creased fat accumulation in daf-7 and
daf-1 adults? The isolation and mapping
of a suppressor mutation that caused re-
duced fat accumulation in daf-7 mutants
revealed its linkage to the egl-30 gene,
which encodes the G protein subunit
Gqa. After examining a number of neuro-
transmitters and neuropeptides regulated
by G protein-coupled receptor signaling,
Greer and colleagues found that inactiva-
tion of the vesicular glutamate transporter8, August 6, 2008 ª2008 Elsevier Inc. 95
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mate receptors all reduced excess fat in
daf-7 mutants while retaining wild-type
feeding rates. Since fasting leads to
changes in expression of key metabolic
genes (Van Gilst et al., 2005), future stud-
ies promise to reveal the role of glutamate
signaling in the regulation of these genes
and in other processes leading to in-
creased fat synthesis.
This is not the first report demonstrating
opposite effects of a signal affecting fat
storage and feeding behavior. Several
months ago this same group documented
the opposing consequences of exoge-
nous serotonin on feeding (it increases
feeding rate) and fat storage (it reduces
fat stores) (Srinivasan et al., 2008). Taken
together, the two Ashrafi lab studies
clearly show that a 25% change in pha-
ryngeal pumping rate is not sufficient
to affect fat storage. Importantly, these
studies identifiedpreviouslyunknowncon-
nections between serotonin and TGF-b
signals and fat metabolism pathways,
and showed that themechanisms regulat-
ing metabolism are distinct from those
controlling pharyngeal pumping rates.
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Exercise leads to changes in muscle
health. A recent paper inCell by Nark
elicited by exercise can be mimicked
Exercise training leads tomultiple adapta-
tions in the body. Well-documented ef-
fects are within the cardiovascular and
the musculoskeletal systems, but in real-
ity there are probably few, if any, organs
that are not affected. These adaptations
result in increased physical performance
and have multiple health benefits. In
fact, physical inactivity is now recognized
96 Cell Metabolism 8, August 6, 2008 ª2008rate of feeding? DAF-7 plays a key role
during larval stages, where development
of a dauer larva involves the accumula-
tion of fat stores, even though dauer lar-
vae display no pharyngeal pumping (Sav-
age-Dunn, 2005). At the adult stages
examined in this study, C. elegans is
clearly able to ingest enough food in
spite of their reduced pharyngeal pump-
ing to supply the calories for adequate
fat storage. This leads to the question
of whether the rate of pharyngeal pump-
ing is the most relevant way to quantify
feeding. A recent study demonstrated
that when feeding on particular bacterial
strains, C. elegans become quiescent,
essentially ceasing movement and pha-
ryngeal pumping (You et al., 2008). The
daf-7 TGF-b mutant, however, showed
more frequent periods of movement
and feeding than wild-type (reduced qui-
escence) (You et al., 2008), consistent
with higher fat stores. It is possible that
the time spent in quiescent versus active
states may correlate more closely with
fat storage levels than does the pumping
rate during active periods.
The ability to alter metabolism when
food is scarce is an adaptation that pro-
motes animal survival but wreaks havocetics Substitute for
en F.P. Wojtaszewski1
scle Research Centre, Department of Exercise
phenotype with important implicati
ar et al. (2008) shows that many of the
by genetic manipulation and drug t
as a major health hazard that is at least
partly responsible for many life-style dis-
orders such as obesity, cardiovascular
disease, and type 2 diabetes (Lees and
Booth, 2005). Narkar et al. (2008) show
that several of the adaptations in muscle
phenotype thought to be important for
health in humans can be mimicked by
drug treatment in mice.
Elsevier Inc.on human dieters who, after losing
weight on a reduced-calorie diet, gain
it back readily after resuming their previ-
ous eating habits. Future studies using
the powerful tools available in C. ele-
gans promise to unravel the highly com-
plex processes involved in maintaining
energy balance in uncertain and chang-
ing environments and may provide in-
sight into molecular targets for antiobe-
sity drugs.
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Based upon expression of myosin
heavy chains, muscle fibers are com-
monly classified as type I slow-twitch
fibers, with a high mitochondrial content,
or type II fast-twitch fibers, which have
fewer mitochondria and exhibit a more
glycolytic phenotype. In humans, the
type II fibers are subdivided into the
more oxidative type IIa and the less
